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NATIONAL ADVISORY OOMMITTEE TOR ABRONAUTICS

ADVANOE RESTRICTED REPORT

ANALYSIS OF A THEBRMAL ICB-PREVENTION SYSTEM FOR WING
LBADING-EDGE LANDING-LIGHET INSTALLATIONS

By Wesley H. Hillendahl
SUMMARY

An analytic study of an extension to the exlsting
B-17F wing leading-edge thermal ice-prevention system is
made to include the wing leading-edge landing lights.

The procedure and egquations are presented in both general
and specific form in order that the design will be readily
applicable to similar installatlions.

The analyels indicates that wing leadlng-edge
landing-light inetallatione can be satisfactorlly prox -
tected against 1ce formatlion, and that the system can be
incorporated w'th the wing leadlng-edge thermal lce-
preventlon system.

INTRODUCTION

The 1llumination effectlveness of landing lighte
instnlled 1n the leading edge of alrplane wings 1s qgften
greatly reduced oy the formatlon of ice on the transpar-
ency enclosing the light. In addition, the portion of the
wing 1n the region of the light may experience 1ice forma-
tions which would cause undesirable merodynamlc effects.

A typical 1ce formation on a wing leading-edge-type light
insgtallation is shown in figure 1.

Ag a part of an extended progrem on the design and
development ¢f thermal lce-preventlion equipment for alr-
craft, tha Ames Aeronautical Laboratory of the National
Advisory Committee for Aeronautics has conducted an
analytic lnvestigation of the problem of preventlng the
formatlon of 1lce on the transparencies of landing-light
inetallatlons of the wing leading-edge type.




Although the primary purpose of this analytle inves-
tlgation wvas to determine the practicadbllity of providing
& landing-light thermal ice-prevention system which could
be incorporated with the wing leading-edge thermal ice-
prevention system of the B-17F airplane, the analysis has
been developed in a general form for future application
to simlilar desligns.

The investligation has been conducted at the request
of the Materliel Command, U. S. Army Air Forces.

DESCRIPTION OF PROPOSED SYSTEM

In the tyvical wing leading-edge landing-light
Iinstallation, the light iteelf is mounted in a wedb running
svanwise and et approximately right angles to the wing
chord. The wing skin forward of the light 1s formed from
a transparent plastic through which the light beam passes.
It 18 because of the formastlon of ice on this plastic that
the light beam loses 1ts effectiveness. By sufficliently
heating the plastic leading edge, the landing-light
installation may be protected from the formation of ice.
To effect this protection it 1s proposed to pass heated
alr from the wing leading-edge thermal ice-prevention
pystem spanwlse through the space between the plastic
leadirng edge and the face of the light lens. In general,
the necessary revisions to the typlical installation to
provide 1ce nrotection conslsts of reducing the area of
the transparent vlastic leadlng edgze to a minimum and
providing the metal skin surrounding the plastic with an
inner skin similar to that used in the wing leading-edge
lce-prevention system,.

The existing landing-light installation in the B-17F
airplane (fig. 2) conslsts of a sealed-beam lamp supported
in a wveb which is located parallel to the wing leading
edge at approximately 6 vercent of the chord behind the
leading edge. The leading edge of the wing between wing
stations 18 and 19, approximately 16 inches, consiste of
a formed transparent plastic sheet 1/8 inch thick extend-
ing from the l#-percent-chord point on the upper surface
around the leading edge to approximately the 6-percent-
chord point on tha lower surface. The plastic leading
edge 18 readily removable, thereby facilitating replace-
ment of the lamp.



The recommended alterations to the landing-light
installation on the B-17F airplane to provide 1ce protec-
tion are shown in figure 3. The front face of the lamp
ie shown moved forward to approximately the 3-percent-- .
chord polint, the web supporting the lamp is made parallel
with the eurface of the lens ingofar as possible, and the
space between the lens and the leading edge is sealed to
form a plenum chamber connected to tle wing leading-edge
ice-prevention system. The area of the plastic leading
edge has been reduced to the minimum area consistent with
the requirements of Army specification 94-32265-B which
governs the angle of divergence necessary for the passage
of the llght beam, and conaslstent wlth the clearance
necessary to remove the light lens and supporting frame.
The metal surface of the wing surrounding the transparency
has been provided with an inner skin similar to that used
in the wing leadlng-edge lce-preventlon system; and the
forward portione of the ridbe at stationse 19 and 19A have
been removed from the region between the leadlng edge and
the web to provide for unrestrlicted flow spanwise from
the S5~inch-diameter heated-air suapply duct through the
landing-light plenum chamber into the normal wing leading-
edge 1ce-prevention system. The supply duct will dlischarge
into the leading-edge syetem at wing station 18 instead of
betwesn wing statlions 20 and 21, as 18 the case in the
exleting 1ce-prevention eysten.

SYMBOLS
4. cross-sectlonal area, sq ft
Ag sur face area, 8q ft
b thickness of transparency, in.
o wing chord, 4in.

Dg equlivalent diameter, 4m, ft

G mass veloclity, W/3600A,, 1b/sec, sq ft

h surface heat- tranafer coefficlent, Btu/hr. sq ft,
deg.T

k thermal conductivity of traneparency, Btu/hr, sq ft,

deg F/in,




k' . thermal conducti%ity of air, Btu/hr, Eq ft, deg F/ft
m . hydraulic radius, Ac/Pw. ft

Py wetted perimeter, ft

Q - ﬁeat—transfer rate, Btu/hr

Re . Reynolds nuﬁber, i&g, dimensionless

t . temperature, deg F

U over-all heat-transfer coefficient, Btu/hr, sq b,
. deg T

v specific voluﬁe. cu ft/lb

W flow rate, 1b/hr

o distance chordwise from wing leading edge, 1in.
" absolute viecosity, 1b/sec, ft
Subscripte
1 plenum chamber
8 inner surface of wing skin
3 ocuter surface of wlng skin
4 atmosphero

av average value
ANLLYSIS

The analysis 1s concerned only with the preventlon of
1ce on the transparency in the leading edge of the wing
directly forward of the landing light. The analysis of
the double-skin structure surrounding the transparency 1is
similar to that previously developed for the thermal 1ce-
prevention equipment of wing leadling edges (reference 1).



In applying the analysis to a specific example, it
1s necessary to chooee a set -of .flight conditions under
"which the system i 'to operate. These assumed conditions
for the B~17F airplane as taken from reference 1l are as
folloys:
1. Indicated- a;repeed. 156 miles per hour at 18,000
feet pressure altitude

2. Amblent~air temperature, o° ¥
3. Temperature of air from exchangere, 320° ¥

4. Flow rate of air from exchangers, 2730 pounds per
hour (all air to be surplied to outer wing’
panel through plenum cleuber)

The heat tranafer for the landing-light installation
lg divided ianto t'rece parts for tne purpocse of analysise:
(1) heat transfer from the outer surface of the transpar-
ency to the atmosphere, (2) heet trernsfer through the
traneparency, ard {3) hest trarsfar from the hot air to
the inner surface of the transparency.

Hoat trangfer from the outer gurface of the trang-
parency to the atmosphere.- At the outset it 1s necessary

to ckhoose a tenmperature rise of the outer surface of the
skin above ambient atmosphere, t3 - t4, which will
provent the formation of ice on the tranepareancy. Pre-
viously (reference 1), 1t has been assumed that an average
rise of 90° F 18 required over the leading edge of the '
wing (back to the l5-percent-chord point on both surfaces),
and tests under natural icing conditions have verified the
fact that this rige 1g satisfactory.

In preliminary calculations i1t wae found that in
order to achleve this temperature rise on the surface of
the transparency the maximum. temperature reached by the
inner surface of the plastic was above 200° T which is a
value chosen to provide a margin of safety below the
softening temperature of the plastic. Two solutiong were
avallable by which the maximum temperature of the inner
surface could be reduced. The first was to reduce the
temperature gradient through the transparency by reducing
l1ts thickness, or by chooeing a materlial having a higher
conductlvity. The second was to reduce the heat transfer
to the inner surface, which would also result in a lower
average temperature on the outer surface.




In the application to the .B-17F airplane the second
solution was chosen since the thickness of the plastic
could not be reduced for structural reasons, and a plastic
having a higher conduectivity was not avallable. A subse-

quent calculatlon indicated that in order to keep the
maximum temperature of the inner surface below 200° F the

average temverature of the outer surface should not ex-
ceed 75° F. This value 1s chosen as the basis of the
analysis recogniging the fact that the preventlon of ice
in this case will be marginal.

Since the analyseis of future installations probadly
will be based on the assumption of Lthe average temperaturs
required on the outer surface of the plastic, the equa-
tions in thie vreport are developed with the assumption of
the average outer-surface temperature as a starting polint.

At a point on the transparency the unit heat trans-
fer from the surface to the atmosphere is defined by

= hy_4(ty - te) (1)

where the Bubséripts refer to regions indicated in figure
3.

The values of hy_, over the laminar region of the
wing are cbtalned by applying the method presented in
roeference 2 to the specific case. These values for the
B-17F wing are plotted in figure 4.

The plastlic leading-edge surface for the proposed
B-17F installation extends between 14 percent of the wing
chord on the upper surface and 3 percent of chord on the
lowsr surface (fig. 3). An average value of has_g for
this region equal to 16 Btu per hour, square foot, °F is
obtalned from figure 4.

The average unit heat-transfer rate corresponding to
thess condltione is found by substitutling into equation

(1)
(Qs—q.)

\ 4

16 x 75
av

1200 Btu per hour; square foot



Eeat transfer through transparent region.- The trans-

parent materlals currently employed in alrcraft manufac-
ture possess a very low coefficient of heat conductivity.
For glass, the conductivity, k, 18 3 to 7 Btu per hour,
square foot, °F per inch. According to information ob-
talned from manufacturers of the respective plastice, the
values of thermal conductivity are 1.5 to 2.1 for methyl
?athacgylate resin (Lucite), and 1.45 for Columbia resin
CR-39).

Although glass has the higher thermal conductivity,
plastlic 1s chosen because its advantages of easy forming
and replacement are believed to outweigh 1lte relatlively
poor thermal conductivity. The thinnest gage that will
fulfill structural requirements should be used so as to
minimige both the resistance to heat flow and temperaturs
of the inner surface.

Eeat transfer through the transparency 1s defined by
the fundamental equatlon for conduction

A, (tg - tg) (2)

oKW

Qu_z =

By rearranging terms, the temperature gradient through
the transparency 1s

Qa_= b
tg ~ t3 = -%—%—— (2a)
8

Ueslng an average value of k = 1.75 for the plastic
transparency and a thickness, b, of 0.125 1nch, which 1s
the same as that of the present B-17F lnetallation, the
average temperature gradlent through the plastlie required
for an average unit heat-transfer rate of 1200 Btu per
bhour, square foot, as obtained from equation (2a), 1is

tg - tg = o=

D
av av A k

_ 1200 x _0.125
1.76

86° T




Since the average value of tz 18 75° F, the average
valune of tg becomes 161° F, :

Eeat transfer from hot alr to transparency.- For a
fized heated-alir-flow rate and temperature, the surface
heat-transfer coefficlent from the air to the lnner sur-
face of the transparency, b;_z will vary according to
the cross-sectional area of the rlenum chamber (fig. 3),
This relatlonshlip is expressed by the following equation
for heat transfer from a fluld flowing in a pipe as taken
from reference 3 and expressed in the symbols of this
report:

BF‘:IPQ = 0.02 (Re')o'la (3)

Applying the conditlons assumed for the B-17F air-
plane

0.8

De

h:.-a

The variation of surface heat-transfer coefficient
with cross—-sectional area of the plerum chamber as derived
from the above equation is shown in figure 5. For the
B.17F alrplane tke avoroximate locatlion of the wed in
whick the light 1s mounted corresponding to the cross-
sectional areas 18 aleso shown.

Solving for the eurface heat-transfer coefficlent .in
the general equation,

Qi3
h =
1-2 A, (%, - 5, (4)

by substltuting the proper numerical values

h, 5 = 1200 _ 7.5 Btu per hour, square foat, oy
320-161 (approx.)

For a value of h,_5 equal to 7.5, the cross-sectlonal
area of the plenum required to effect the heat-transfer rate
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1s found in figure 5 %o -be 0.27 square foot, and the rear-
zost light location is edtablished at approximately 3 per~
cent of the chord.

It 1s noted that the degree of turbulence in the
heated air stream and the direction of alr flow across the
landing-1ight* installation will affect the heat-transfer
coefflclent, hy_3. If the approach duct directs the air

to the transparent plastic, a higher-heat-transfer coeffl-
clent may be expected. I

Throughout this analysis the surface of the light
lens has been assumed to be parallel to the leading edge
of the wing. An 1nepection of flgure 3 will reveal that
this assumption 1gs not strictly correect, and that the
cross~sectional area of the plenum between the wing skin
and light surface varies in a spanwise direction. In the
application of thig analysis to the 3-17F alrplane, how-
ever, the spanwlise varlation in cross-sectional area has
been considered small enough to be dlsregarded, and the
wed should be located so that the required area (0.27 sq ft)
is near the center of the light.

If 1t 1e found that the value for the required plenum
area falls on the region of the curve 1In figure 5 where
the heat-transfer coefficleat is varying rapidly with a
change in cross-sectional area of the plenum, and if in
the actual installation the cross-sectional area varies an
appracliable amount acrosse the face of the lampsg 1t may be
deslrable to analyze the system at both edges of the lamp.
In such a case provision may be reguired to prevent over-
heating one edge of the plastic and underheating the other.

Heat transfer and tempereture gradlient around leading
6dge of the wing.- Because of the rapid variation of outer-
surface heat~transfer coefficient with percent of wing
chord, as shown in figure 4, it 1e desirable to determine
the chord-wise distribution of tne heat transfer and sur-
face temperatures in the region of the transparency. These
are determined by the calculation of the over-all coeffi-
cient of heat tranefer U,_,. (See reference 3.)

1 = J'. + D + S .
Ul—i h':I.--EI k h3—4

h k Hi ~
1-23 . S
1—-4 = (5)

hy 4 k+b h; o h, , +h . k

U
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Substituting the values which are independent of chord

7.5 X 1.75 % Ba_4°
1.75 ha_q + 0.125 X 7.5 hy_4 + 7.5 X 1,75

U, 4 =

13.1 hx_4
2.69 ha_4q4 + 13.1

The unit heat-tranesfer rate at any point on the
transparency 1ls represcnted by )

19;=' Ul_g (tl - t4) (5)

Substituting the values of temperature and the values
of U,_, determined from equation (5) and figure 4, the
unit heat-transfer rates shown in figure 6 are calculated
for the B-17F airplane. Empioying these values of Q/4,

ard tnose of h, , from flgure 4 the temperature distri-

butions over the inner and outer surfacesof the plastic
(t and t5) were calculated from equations (1) and (2a)

and are presented in figure 6.
DISCUSSION

Based on experience gained in flights under natural
icing corditions, 1t 1s thought that the protection pro-
vided against the preventlon of ice with the outer surface
of the plastic at 75° T above ambient air will be marzinal.
It 1s possivle that 1ce will form at the stagnation polnt
because of the low local temperature, dut chordwlse growth
will be impeded by the rapidly increaslng surface temper-
ature (fig. 6). In the stagnation region the formation of
ice will be intermittent since 1t acts as an insulation to
the sscape of heat. The resulting rise in surface temper-
ature loosens the bond at the surface and the formation 18
blown off.

Ag 18 evidenced by inspection of figure 6, the entire
inner surface of the plastic for the B-17F installation is
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below the temperature of 200° ¥ which wae set as an upper
limit and, thérefore, heat-~resisting plasticse may be used
in fabricatling the transparent leading edge. Several such
plastice are available which retalin the required strength
and reslstance to deformation at temperatures ranging from
2002 to 350° ¥.

Flight tests of an installation in 1c¢ing conditions
are recommended where 1t ips antlcipated that the formation
of ice will be marginel, as 1n this case where the average
surface temperature rise 1s less than the recommended rise
of 90° P above amblent air. Suck toste are considered
unnecessary where the 90° ¥ temperature condition is met.

The total surface area of trensparency required is
less than 1 square foot, and at an average unit heat-
transfer rate of 1200 Btu per hour, square foot, the heat
required 1s less than 6/10 of 1 percent of the total heat
available for the thermal lce-prevention system at the
B-17F outer wing panel.

In reference 1 it was found that the spanwlse pres-
sure drop for the B-17F airplane 18 very low, and so it
was not calculated in this analyslse since the cross-
sectional area of the plenum at the light is comparable
to that of the heated-alr supply duct for the wing outer
panel. Any protuberances in the duct, however, will
cause an increass 1n pressure drop and therefore should
be avoided. Llikewise the transitlon between the plenum
in the light and the outer-panel plenum should be as
gradual as possible.

CONCLUDING REMARKS

The analysis herein indicates that an average temper-
ature rise of 75° F above ambient air can be obtalned on
the outer eurface of the B-17F wing leading-edge landing-
light installation, without exceedling the maximum allow-
able inner-surface temperature of 200° ¥, -Experience
gained in flights under natural icing conditions at
ambient-air temperatures around 0° F indicates that the
ice protection afforded by thls installation would be
marginel, dbut that any formations experlenced probadly
would be confined to the stagnation region and would be
intermlittently removed. In view of certaln sssumptions
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nade in the analysis, experimental verlificatlon 1in the
form of construction and tests of a typical installation
is recommended.

Ames Aeronautieal Laboratory,
¥atlonel 4dvisory Committee for Aeronautics,
Hoffett Fileld, Calif.
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Figure 1.~ Formation of ice on the unprotected
landing-1light installation on the
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Figure 2.-Existing w1n§ leading-edge landing -
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